ABSTRACT. Disproportionation for preparing (CH3)2SiCl2 can effectively solve some problems caused by the accumulation of by-products during direct synthesis. In this paper, the disproportionation for preparing (CH3)2SiCl2 catalyzed by (AlCl2) + modified 4T NaAlCl4/ZSM-5 was studied, and the reaction mechanism was investigated under B3LYP/6-311G++(3df, 2pd) basis using density functional theory. It was found that the activation energies of the rate determining step in the main reaction and side reaction were 97.89 kJ•mol -1 and 169.50 kJ•mol -1 , respectively. Moreover, the skeleton stability of 4T cluster NaAlCl4/(AlCl2) + -ZSM-5 was higher and its activity was better than (AlCl2) + modified before due to its lower Mayer bond order and slightly larger four-center bond order. Our results from activation energy analysis, vibration analysis, IRC calculation, LOL analysis and bond order analysis showed good consistency with each other and agreed well with those of previous experiments.
INTRODUCTION
Organic silicon materials [1] [2] [3] are a kind of high-performance materials of silicon. They are mainly inorganic structure chains with organic groups as side chain, and possess the advantages of both inorganic and organic compounds [4] . For the preparation of organic silicon materials, the top priority is to synthesize high-quality monomer (CH 3 ) 2 SiCl 2 [5, 6] (M2). However, owing to the necessity of boosting the M2 market, the direct synthesis method [7, 8] produces a growing number of by-products, i.e., CH 3 SiCl 3 (M1) and (CH 3 ) 3 SiCl (M3), which accumulate during the synthesis process and cause various problems. In view of this, more attention has been paid to the disproportionation reaction [9] [10] [11] for producing M2 using M1 and M3 as reactants. Fan Hong et al. [12] used amines and metal chlorides as catalysts to produce M2 through the disproportionation reaction, and the content of M2 in the final product reached 46.4%. Further, they pointed out that AlCl 3 /Al 2 O 3 had better activity with Lewis acid as active site and achieved an M2 yield of 60.6%. In addition, Zhang Ning [13] used MCM-type mesoporous amine as catalyst to produce M2 through the similar reaction, and the content of M2 was 38.3%.
Studies showed that ZSM-5 zeolite [14, 15] and NaAlCl 4 [16] both had catalytic effects on the disproportionation reaction. In previous experiments [17, 18] , the catalytic activities of the 3T, 4T, 5T and 6T cluster ZSM-5 zeolite and the Mg, Al modified 5T cluster ZSM-5 molecular sieve were studied, and the 4T cluster ZSM-5 zeolite showed good catalytic effects in the disproportionation for preparing M2. In order to further study the catalytic effects of ZSM-5 and NaAlCl 4 , in this paper, the catalytic activities of Al-modified 4T cluster NaAlCl 4 /(AlCl 2 ) + -ZSM-5 (Cat.II) were theoretically calculated, and the results were compared with 4T cluster NaAlCl 4 /ZSM-5 (Cat.I) [17] of our previous experimental results. 
CALCULATION METHOD
The structures of reactants, intermediates and products were investigated under B3LYP/6-311G++(3df, 2pd) basis using density functional theory (DFT) [19] in the disproportionation reaction catalyzed by Cat.I or Cat.II. In order to ensure the calculation accuracy, the structures of transition states and the reaction pathways were identified through vibration analysis and calculated through intrinsic reaction curves (IRC) [20] . Then the energies were corrected by the secondary perturbation MP2/6-311++G(3df,2pd) method. Finally, the zero point energy (ZPE) [21] correction was also considered.
RESULTS AND DISCUSSION
Previous experiments [22] showed that NaAlCl 4 was firstly reduced to AlCl 3 in the reaction and finally returned to double salt. In order to illustrate the mechanism of their disproportionation in one figure, both Cat.I and Cat.II were endowed with the same active sites ( Figure 1 ). As Figure  1 shows, Lewis acid active sites -AlCl 2 appear during the disproportionation reaction catalyzed by Cat.I or Cat.II. As the reaction was going on, bonds Na 1 -Cl 2 and Na 1 -Cl 3 break. The bond length of Na 1 and Cl 1 gradually shortens to 2.4110 nm from 0.2659 nm and finally generate NaCl [22] . Hence, subsequent discussion directly uses the structure of AlCl 3 /ZSM-5. The calculated eigen values of reactants and products are positive, and the transition states have only one negative eigen value, which proves that the transition states are correct. The minor frequencies caused by fixed bonds are small enough to be negligible. There are similar reaction mechanism and transition states for Cat.I and Cat.II in the catalytic disproportionation to produce M2. In the case of Cat.II, as shown in Figure 2 , the disproportionation reaction proceeds in two main channels. (M3 and Cat.II are called R1, M2 and I are called P1, and so on).
Channel 1 (the main reaction): M3 reacts with Cat.II firstly, and then generates intermediate I and M2 through the transition state TS1. Next, M1 reacts with I through TS2, and produces Cat.II and M2.
Dichlorodimethylsilane catalyzed by (AlCl2)
+ modified 4T NaAlCl4/ZSM-5
Bull. Chem. Soc. Ethiop. 2019, 33 (2) 271 Table 1 . Bond distance of the key atoms of each structure in the reaction process (nm). 4 . Table 1 shows the bond distance of key atoms of each structure in Channel 1 and Channel 2, respectively. To identify the structure of each transition state, vibration analysis of fully optimized transition structure was carried out in this study, and the results are illustrated in Figure 3 Figure 3 . From Figures 2 and 3 , it can be concluded that the key of the reaction is the departure of Cl 3 atom on the active site Al 4 -Cl 3 , which enables Al 4 to accept the electron pair of -CH 3 orCl on silane. This is the characteristic of Lewis acid and agrees well with the experimental conclusions of Fan Hong et al. [12] . Figure 4 shows the spacing trends of key atoms along the IRC pathways catalyzed by Cat.I and Cat.II. During the whole process from transition states to final products, the key atomic spacing shows a gradually lengthening or shortening tendency, which confirms the transition states and the correct connection of reactants and products. This result is matched with Figure 3 and Figure 2 , indicating that the reaction mechanism and vibration mode of the transition states are believable. Based on the density functional theory (DFT) and the energy gradient method, the energies of all stationary points in the potential energy surface are optimized, and the zero-point energies (ZPEs) are corrected using basis set of MP2/6-311++G(3df,2pd). Figure 5 shows the activation Dichlorodimethylsilane catalyzed by (AlCl2) + modified 4T NaAlCl4/ZSM-5
Bull. Chem. Soc. Ethiop. 2019, 33 (2) 273 energies and reaction heats of each step. In the main reaction, the activation energies of the rate determining step catalyzed by Cat.I and Cat.II are 100.26 kJ•mol -1 and 97.89 kJ•mol -1 , respectively. In the side reaction, the activation energies of the rate determining step are 279.47 kJ•mol -1 and 169.50 kJ•mol -1 , respectively. The activation energies of the rate determining step in main reaction are lower than those in side reaction, which proves that the reaction of preparing M2 is the main reaction. These results are consistent with our earlier experimental results [22] . By comparing the activation energies of the rate determining step in the main reaction, it can be seen that the activation energy of Cat.II is slightly lower than that of Cat.I, indicating that the catalytic effect of Cat.II is better than that of Cat.I. The purpose of modification is to increase the load of NaAlCl 4 . As can be seen from the structure of Figure 1 , the modified sites are similar to existing active site, and can provide new active site of Al-Cl. These results are consistent with previous experimental results [23] . Compared with Cat.I catalyst system, the introduction of -(AlCl 2 ) + makes the reaction easier to proceed, that is, the catalytic effect of Cat.II is better. In order to further explore the activation effect of catalyst and more intuitively understand the localized electrons, these two catalysts were analyzed with LOL Analysis. The catalytic systems of Cat.I and Cat.II were optimized, and Mayer bond order of Al-Cl and four-center bond order of Al 4 , Cl 3 , O 1 and O 2 were calculated. Figure 6 shows the LOL Analysis results of Cat.I and Cat.II. Compared with Cat.I, Mayer bond order in Cat.II is lower, indicating that Al-Cl bond is easier to break; but the four-center bond order is slightly larger, indicating that the molecular skeleton of Al 4 , Cl 3 , O 1 and O 2 is more stable. Hence, the activity and stability of Cat.II are higher than those of Cat.I. Both indicate that electron delocalization ability of Cat.I is relatively weaker than that of Cat.II, and Al-Cl bond of Cat.II is easy to break. Compared with Al 4 atom of Cat.I and Cat.II, central electron of Al in Cat.I has stronger localization, but Al in Cat.II has stronger delocalization, which indicates that Al in Cat.II is more active. And the surrounding electrons of both Al 4 can be delocalized, but that delocalization ability in Cat.II is stronger than that in Cat.I. At the same time, the same conclusion is gained when all skeleton O atoms in Cat.I and Cat.II are discussed. The electron of skeleton O (Cat.II) can more easily delocalize active site Cl, which can promote CH 3 of silanes to attack active site Cl, so the disproporation can be proceeded more easily. This not only proves that the activity of Cat.II is better, but also proves that the active site provider of Al-Cl is Lewis acid [12] .
According to Figure 6 , Cat.II has higher skeleton stability and better activity than Cat.I. This accords well with the analysis result of their activation energies. From the Al (modified site) on the right side of Cat.II, it can be seen that the electron delocalization capability of Al-Cl is similar to that of the active site on the left side and can be predicted as a new active site. This is in good accordance with the structure of Figure 1 and preliminary experiments [10] . The catalytic effect of Cat.II is better than Cat.I, because the introduction of -(AlCl 2 ) + changes the electron cloud density of acidic sites (-AlCl 2 ) of 4T cluster NaAlCl 4 /ZSM-5 and makes the reaction easier. Therefore, the Cl atom on the active site Al-Cl of Cat.II is more likely to leave, which makes it easier for the Al atom to accept -CH 3 or -Cl of the reaction system. As a result, the disproportionation reaction is easier to occur, that is, Cat.II has better activity than Cat.I. This matches well with the results of vibration analysis and IRC calculation.
CONCLUSIONS
In summary, the disproportionation reaction for preparing (CH 3 ) 2 SiCl 2 catalyzed by (AlCl 2 ) + modified 4T NaAlCl 4 /ZSM-5 was investigated, and the reaction mechanism was analyzed under B3LYP/6-311G++(3df, 2pd) basis using density functional theory. Some conclusions can be drawn as follows: (1) 
